Improving pineapple micropropagation protocol through explant size and medium composition manipulation.
Introduction
The pineapple (Ananas comosus (L.) Merr.) is a very important fruit crop in Brazil. Since the late 70s, the cultivated area with this species has decreased due to the occurrence of fusariosis, a very devastating disease. The fusariosis, or gomosis, (Fusarium subglutinans WR) is disseminated through the cutting type slips and suckers, and causes losses of more than 30% of the Brazilian production. The efficient ways to control this disease are the use of plantlets free of the pathogen or resistant cultivars [1] [2] [3] . Thus, micropropagation techniques are valuable tools for mass clonal propagation of superior clones or varieties. A good micropropagation protocol should provide plantlets with a high quality and multiplication rate at a low cost.
The first pineapple micropropagation protocol was described in 1960 [4] . Afterwards, a protocol for multiple proliferation was established from lateral buds [5] . Several other explant sources have been tested successfully in several regenerative protocols [6] [7] [8] [9] [10] [11] [12] [13] [14] . An alternate pineapple micropropagation protocol with etiolated shoots was established resulting in high multiplication rates [15] .
Other protocols based on organogenesis were described [5, 16, 17] using different explants such as lateral buds, crown apical dome and ovules. Besides the explant source, variations of the culture medium composition and environment such as CO 2 enrichment and light intensity associated with the sucrose content can affect the micropropagation performance [18] .
The general protocols of direct organogenesis in pineapple are based on the following stages: 1) selection and preparation of an explant donor plant; 2) establishment of aseptic culture and induction; 3) multiplication; 4) rooting; 5) establishment of plantlets in soil. In the present work, we are proposing the exclusion of some stages and the inclusion of new stages of development, in relation to the micropropagation stages previously suggested [19] [20] [21] .
A micropropagation protocol superior to the previous one should be enhanced to be used widely. Thus, the present work was carried out to improve the previous pineapple micropropagation protocol [14] through manipulating both explant size and medium composition, as well as acclimation substrates and plantlet size, aiming for the mass clonal micropropagation of plantlets free of fusariosis.
Materials and methods

Explant donor plant, extraction and explant disinfestation
Pineapple plants from cv. Pérola, a welladapted variety of the coast-producing region of the State of Santa Catarina, Brazil, were selected in the field and cultivated in the greenhouse prior to an explant excision. The axillary bud explants were excised from the central region of the donor plant stem, and subjected to a disinfestation process as previously described [14] .
Bud isolation and shoot induction
In an aseptic chamber, the buds were inoculated in test tubes (22 mm × 150 mm) over paper filter bridges on a liquid basal culture Murashige and Skoog (MS) medium [22] supplemented with sucrose (3%), naphthaleneacetic acid NAA (2 µM) and 6-benzylaminopurine (BAP) (4 µM). The pH was adjusted to 5.8 before autoclaving. Three weeks after inoculation, the cultures were initially transferred to 200 mL glass flasks, containing 10 mL of a culture medium, then subcultured into 500 mL glass flasks containing 30 mL of the same liquid medium. At every stage, the cultures were kept in the growth room at a temperature of (27 ± 2) °C, 16 h photoperiod, 60% relative humidity and 37 µmol × m -2 × s -1 light intensity.
Multiplication
A first experiment was established to compare the effect of MS liquid medium supplemented by or devoid of NAA and BAP on the multiplication rate and plantlet quality. The objective of this assay was to optimize this multiplication stage, especially to identify inductive factors of vitrification; to reduce the residual effects of the growth regulator, and to prepare plantlets for acclimatization.
The experimental design was a (2 × 3) cross classification model with two factors. Factor A was composed of a liquid MS culture medium alone or with NAA (2 µM) and BAP (4 µM). Factor B was composed of the shoot heights: each level of factor A was combined with shoots of three classes of height: C1 = (1.1 to 2.0) cm; C2 = (2.1 to 3.0) cm; C3 = (3.1 to 4.0) cm, obtained from successive subcultures in the induction medium. Each experimental unit constituted eight plants, with three replicates, arranged in a completely randomized design. Data on the number of shoots and roots, shoot height and shoot diameter were collected 5 weeks after the inoculation.
Elongation and rooting
A second experiment was done concerning the identification of the best basal salt culture medium composition, free of growth regulator, to promote the plantlet growth and rooting.
The experimental design was a (4 × 3) cross classification model with two factors. Factor A was composed of four basal salt media formulations: LPm medium [23] , MS medium [22] , N6 medium [24] and KC medium [25] . Factor B was composed of the shoot heights: each basal medium was combined with the three different classes of shoot heights (factor B), C1, C2, and C3, described previously. Explants were originated from the multiplication stage.
A third experiment had the objective of providing a maximum increment of shoot growth, prior to the acclimatization stage. The design was a (2 × 3) cross classification model with two factors. Factor A constituted the basal MS and 1 /2MS culture media free of growth regulators. These two treatments were combined with shoots of the three different classes of height (factor B) previously described.
Each experimental unit of these last two experiments constituted eight plants, with four replicates, arranged in a completely randomized design. Data on shoot and root number, shoot height and diameter were collected 5 weeks after the inoculation.
Acclimatization
Plantlets originated from the elongation and rooting stage were classified according to their height and transplanted into containers. The soil used in the containers was a mixture of organic thermophilic composite not autoclaved and autoclaved sand, at the ratio of 5:1 (v:v). The plants were kept in a greenhouse for 4 weeks. The experimental design of this fourth experiment was a complete randomized block, the treatments being the three classes of plantlet height: C4 (3.1 to 5.0) cm, C5: (5.1 to 7.0) cm, and C6 (7.1 to 9.0) cm. Each experimental unit constituted 16 plantlets, replicated three times.
In a fifth experiment, plantlets higher than 6.0 cm, originated from the elongation and rooting stage, were submitted to different substrate compositions and sterilization processes under a (2 × 3) cross classification model design. In factor A, two substrates were included: S1 = mixture of sand and thermophilic organic composite at the ratio of 5:1 (v:v) and S2 = sand. Both S1 and S2 were combined with three processes of substrate autoclaving (factor B): a) two autoclavings of 30 min with a 24 h interval, at 121°C and 1 atm; b) one autoclaving under the same conditions; c) not autoclaved control treatment. Each experimental unit, repeated four times, arranged in a completely randomized design, was constituted of eight plants. The conditions for the plantlet growth were similar to the previous experiment. Data on the height and fresh and dry weight of plantlets were collected in the thirteenth week after the transference.
Statistical analysis
Both primary and transformed data of in vitro and ex vitro experiments were submitted to the analysis of variance and to the Shoot height [data transformed using log(x + 2), significant at P < 0.05, CV = 2.8%)]/ and number of shoots (significant at P < 0.01, CV = 19.6%) of pineapple in response to two different culture media, 5 weeks after the inoculation of plantlets originating from three different height classes (mean of three replicates, Student-Newman-Keuls test).
Figure 2.
Shoot diameter (significant at P < 0.01, CV = 11.2%) and number of roots (significant at P < 0.01, CV = 23.5%) of pineapple in response to the two different culture medium, 5 weeks after the plantlet inoculation (mean of three replicates, Student-Newman-Keuls test).
Student-Newman-Keuls (SNK) mean separation test [26, 27] .
Results
Bud induction
The basal MS liquid culture medium supplemented with NAA (2 µM) and BAP (4 µM) was revealed to be an effective method for pineapple in vitro initiation. The successive subcultures enhanced the multiple bud proliferation. The induction of multiple buds occurred after 3 weeks in culture.
Shoot multiplication and elongation
Shoots of the C1 and C2 classes inoculated in the basal medium MS plus NAA (2 µM) and BAP (4 µM) provided the highest multiplication rate, reaching 13.5 and 11.5 shoots, respectively, in 5 weeks ( figure 1) . These values were significant at P < 0.05 by SNK test compared to plantlets from the class C3 cultivated without growth regulator. However, when shoots were inoculated in culture medium free of NAA and BAP, higher values for shoot height were observed for the C2 and C3 classes ( figure 1) . In addition, the results revealed an inverse relationship between the height and the shoot number, which was affected by the culture medium composition. Nevertheless, while the addition of NAA and BAP to basal medium resulted in higher shoot diameter, the highest number of roots was observed in basal medium free of growth regulators (figure 2).
The frequency of shoots with vitrification was associated with the culture medium. While 10% of the shoots showed vitrification in the supplemented medium, the vitrification was observed in 1% of the shoots in the culture medium free of growth regulators.
The different salt media formulations significantly (P < 0.05) affected the plantlet height and root numbers (table I ). The ANOVA also disclosed values with statistical differences (P < 0.01) between explant size classes, for the development of plantlet parameters such as plantlet height and diameter. Significant interaction (P < 0.01) between the basal salt formulation and the explant size class also influenced the number of roots per plantlet (table I ). Five weeks after inoculation, MS basal medium revealed a plantlet height average of 7.9 cm and 1.3 shoots per explant, values differing by the SNK (P < 0.05) test from those observed in other salt formulations. However, the average of 7.0 roots per plantlet observed in the LPm medium was the highest among the other salt formulations. It is also shown (table I ) that the lowest average plantlet height and root number resulted from inoculation of the C1 class of shoots in the N6 basal medium. When the explant size classes were analyzed, class C3 showed higher plantlet height (6.6 cm) and diameter (6.2 mm), in comparison with classes C2 and C1. The basal MS and 1/2 MS medium free of NAA and BAP were combined with shoots of the three different shoot sizes (table II ). A significant increment was observed in the shoot height (8.9 cm) and diameter (5.8 mm) in the full strength MS medium. On the other hand, the different explant size classes affected these parameters. Higher diameter values were achieved from shoots of the C3 class (6.0 mm). However, the C1 class shoots showed a multiplication rate of 2.0 shoots per explant, significantly higher than the 1.3 and 1.2 shoots per explant observed from the C2 and C3 classes, respectively. For the three classes, the root induction was also high in MS culture medium free of growth regulators.
Most of the shoots (63%) originated from the inoculation of the C1 class of explants in the multiplication medium did not reach 2 cm height (table III ). The frequency of that kind of shoot was 32% and 10% when C2 and C3 class explants, respectively, were used. The height means of the shoots from these three classes were 1.9, 2.5 and 3.6 cm, respectively, with statistically significant differences by t-test (P < 0.05). Within the elongation medium, the shoots exhibited approximately 8.5 cm of height independently of the explant class size ( Means with the same letter within a same row (capital letter) or a same column (minuscule letter) are not significantly different according to the Student-Newman-Keuls mean separation test (* significant at P < 0.05, ** significant at P < 0.01). 1 Data transformed for analysis using log(x + 2).
Acclimatization
Plantlets higher than 7 cm (class C6) showed a survival rate of 93% during the acclimatization phase. These values statistically differed from those observed with the classes C4 and C5 (table IV ). Classes C5 and C6 also provided better plant development resulting in values of 14.1 cm and 13.5 cm of height, respectively, after 13 weeks. Again, C6 class shoots showed higher values of fresh and dry weight in comparison with the shoots originated from the C4 and C5 size classes (table IV ).
The interaction between autoclaving treatment of the substrate and the type of the substrate significantly affected (P < 0.01) the plant height dry and fresh weights (table V). The highest average values for plant height (19.1 cm) and shoot dry weight (4.1 g) were observed in the non-autoclaved mixture of sand and termophilic organic substrate. On the other hand, the combination of the sandy substrate autoclaved once resulted in higher values of root dry weight (3.6 g). The survival rate of acclimatized plantlets was 100% (data not shown).
Discussion
Induction
The results of the present work revealed that the use of MS culture medium supplemented with NAA (2 µM) and BAP (4 µM) enhanced the proliferation of neoformed buds. The same combination was employed in the induction of nodular cultures [13] . However, the shoot proliferation from buds of the crown was obtained with the combination of NAA and kinetin [9] , or IAA (indole-3-acetic acid) and BAP in the establishment phase [12] or BAP alone [18] .
Multiplication
In the present work, the best multiplication rate was 13.5 shoots per explant for cv. Pérola in the same MS culture medium employed in the induction phase. In the cv. Smooth Cayenne, 4.2 shoots per explant were observed in basal culture medium MS supplemented with NAA and BAP [6] . A proliferation rate of 6.0 shoots per explant for cv. Smooth Cayenne was obtained as a result of the addition of zeatin (9.1 µM) to the MS culture medium [7] . The best proliferation rate was observed in the MS medium supplemented with 4.6 µM of kinetin and 5.4 µM of NAA [18] . The MS culture medium plus IAA (1 µM) and BAP (10 µM) produced 2 to 3 shoots per explant after 6 weeks in culture [8] . It was observed that the proliferation rate was dependent on the genotype and the levels of BAP in the culture medium [12] . In fact, the proliferation rate obtained in the present work was higher than other average rates so far reported. Means with the same letter within a same row (capital letter) or a same column (minuscule letter) are not significantly different according to the Student-NewmanKeuls mean separation test (* significant at P < 0.05, ** significant at P < 0.01).
The differences observed in the in vitro pineapple proliferation rate can be attributed to (i) the basal medium culture composition, (ii) the plant growth regulator type and concentration, (iii) the number and interval length of sub-cultures, (iv) the multiplication system, and (v) the genotype. However, the highest plantlet production is not always correlated with the best propagation system in terms of genotype quality and ex vitro performance [19] . Even considering a linear increase in the multiplication rate up to the eleventh subculture [6] , the results of the present work showed that this increase occurred up to the sixth subculture.
It has been suggested that some malformation of plantlets was common in the micropropagation of some herbaceous species, mainly in medium with high levels of citokinins and humidity [28] . The use of anti-hyperhydric agents [29] , culture medium free of cytokinins, low temperatures, and absence of light [30] could prevent these effects. In the present work, we were able to reduce the vitrification in culture media free of growth regulators, which was noticed after the sixth subculture in the multiplication medium. No other type of malformation was observed. The vitrification generally seems to be the most intense in culture liquid medium [31] or under low agar levels 1  0  0  6  25  7  2  0  C2  0  2  2  6  22  8  3  0  C3  0  0  0  1  10  5  6  2 Frequency (%)  C1  5  --29  24  33  10  -C2  -9  9  26  29  35  12  -C3  ---24  42  21  25 8 [29] . When caused by auxins, this event can be attributed to the accumulation of ethylene in the culture [31] . However, these alterations are generally epigenetic [32, 33] Several Means with the same letter within a same column are not significantly different according to the Student-Newman-Keuls mean separation test (* significant at P < 0.05, ** significant at P < 0.01). [18] . Considering that the pineapple has a crassulacean acid metabolism, an increase in the dry matter of the plantlets was observed when the CO 2 level was raised from 330 to 730 µM [34] .
When compared to other in vitro regenerative systems based on direct organogenesis, the results of the present work showed a higher multiplication rate. In consequence, it is important to define and to establish every step of the regenerative protocol so that it can be enhanced in terms of proliferation rate, subculture intervals, low risks of genetic variations and costs, for utilizing this technology in large-scale commercial production and automated systems [35, 36] .
The frequencies of shoot smaller than 2 cm in height obtained for the C1, C2 and C3 classes were 63%, 32%, and 10%, respectively. Although the shoots with that height could be transferred to the elongation medium, they may be returned to the multiplication medium as suggested in figure 3 , because they can be used as explants. From the total, one third of the shoots could be returned to the multiplication medium and two thirds should be transferred to the elongation medium. However, since the explant height did not affect the shoot height in the elongation medium, the system will be more efficient if C1 class explants are used in the multiplication medium because it regenerates a higher frequency of C1 class explants at higher a proliferation rate, which is suitable to maintain the system functioning.
Elongation and rooting
In the present work, the basal MS medium free of plant growth regulators revealed an increment in the shoot height and diameter values. When a plantlet from the (1 to 2) cm C1 class was inoculated, the increment in height was about 7.2 times during the elongation stage. The data of the present work confirmed the hypothesis that the basal culture medium free of growth regulators promotes the shoot elongation. The best general aspect of the shoots and the absence of plantlets with hyperhydricity could be foreseen as indicative of good acclimatization and field establishment stages. Some negative aspects like vitrification and precocious bud burst have been associated with the growth regulator used in the multiplication stage [20] . Therefore, it is important to maintain these plantlets in the culture medium free of growth regulator as a step of pre-acclimatization.
The basal saline composition is an important factor optimizing the in vitro responses [37] . The change of the MS basal medium to the N6 basal medium was necessary to improve the pineapple shoot induction rate [10] . Among the different saline formulas tested for the pineapple, the MS one has been the most utilized [6-8, 10-12, 17] . The half-strength MS [13] and the MT [38] media [9] has also been employed.
In the present work, it was also observed that the basal culture medium free of growth regulators was satisfactory to induce the plantlet rooting. Additional small shoot growth and the induction of plantlet rooting were observed after the transference to a culture medium free of growth regulators [10, 12, 15] . On the other hand, Teng used MT basal medium plus NAA (5.38 µM) and malt extracts to induce rooting [13] ; Hirimburegama and Wijesinghe only added NAA (10 -7 µM) to basal medium to get full Return to multiplication plantlets [8] , and Teng obtained better rooting when higher levels of NAA than BAP were used [13] .
Acclimatization
In the present work, some factors were evaluated to improve the acclimatization stage for getting high plantlet survival rates. First, a survival rate of 100% was possible when the in vitro derived plantlets were higher than 7.0 cm, independent of the substrate. Second, better acclimatization occurring during the spring-summer period was preferred, because of a better survival rates (> 90%) as compared to the autumn-winter time (< 90%, data not shown). Therefore, by decreasing the stress conditions during heterotrophic adaptation, it is possible to reached high survival rates [39] . In this regard, an excessive water loss by transpiration and an impaired photosynthetic apparatus are the two major problems [40] .
Proposal for an improved protocol
The results obtained in the present work finally suggest an improved in vitro regenerative protocol for pineapple, with the following procedures ( figure 3): 1) stage zero: the selection and maintenance of mother plants in greenhouse conditions;
2) stage 1: bud isolation on test tubes over bridge filter paper in MS liquid culture medium supplemented with NAA (2 µM) and BAP (4 µM), for 6 weeks;
3) stage 2: multiple bud induction in 500 mL flasks containing 30 mL of the same medium composition referred to in stage 1, with 5 weeks subculture intervals; 4) stage 3: sorting of the shoots higher than 2 cm and subcultures in an elongation MS medium free of growth regulators. Shoots with a size inferior to 2 cm should return to the multiplication phase (stage 2); 5) stage 4: acclimatization of the plantlets higher than 7.0 cm, after 5 week in stage 3; 6) stage 5: transference of the plants with height between 15 and 20 cm to the field.
Final prospects
In horticulture, the tissue techniques can be used for the production of specific pathogenfree plants, germplasm storage, mass clonal propagation or plant changes [41] . In this respect, the pineapple is a species where the application of these techniques may present several advantages.
The results of the present work indicated that starting from a single bud and considering a 45 day subculture interval and an average multiplication rate of 10 shoots per bud, it is possible to obtain one million in vitro plantlets after 9 months. Considering an average of 7% losses during the acclimatization phase and an interval of 3 months to allow the growth of the plantlets before the field establishment, it is possible to produce 930,000 plantlets in 1 year.
The technical advances in the establishment and improvement of the protocol used in pineapple micropropagation revealed by this work indicated a reduction in the final cost of plantlets and the production of fusariosis-free plantlets in a short time period and controlled conditions.
